Abstract. In hadron physics, experiments using hadronic probes may shed light on open questions on the structure of hadrons, their interactions that are subject to the strong force and on the symmetries of nature. Therefore a major focus of the physics program studied at the COoler SYnchrotron COSY of the Forschungszentrum Jülich is the production of mesons and hyperons in hadron-hadron scattering with the aim to investigate relevant production processes, interactions of the participating particles as well as symmetries and symmetry breaking. The COoler SYnchrotron COSY at Jülich accelerates protons and deuterons with momenta up to 3.7 GeV/c covering hadron physics in the light quark sector. The availability of the beam cooling systems allow precision measurements, using polarized proton and deuteron beams in combination with polarized Hydrogen or Deuterium targets. Due to the excellent experimental conditions at COSY single-and double-polarization measurements can be performed with high reaction rates. With the operation of the recently installed WASA-at-COSY apparatus, highstatistics studies aiming at rare decays of η and η ′ are effectively turning COSY into a meson factory. This contribution summarizes the ongoing physics program at the COSY facility, using the detector systems ANKE, WASA and COSY-TOF highlighting a few selective recent results and outlining future developments. The research at COSY also provides a step towards the realization of FAIR with studies on spin manipulation and polarization build-up of protons in polarized targets.
INTRODUCTION
Scattering experiments using protons and deuterons are a valuable tool to study the production of hadrons as well as their interactions and their decays. In this contribution an overview is presented of the ongoing physics program at the COSY facility with the emphasis on the experiments using three big experimental installations: the external 4π TOF spectrometer, the internal ANKE magnetic spectrometer and the internal WASA detector. The latter detector was successfully transferred from TSL in Uppsala to Jülich and has commenced operation in 2007 after a period of refurbishing and upgrades to match the higher energies accessible at COSY. Selective recent results are highlighted and a summary on future developments and plans is given. The ample physics program addressed at the COSY installations comprises studies on the structure of hadronic states and investigations on rare and very rare meson decays, which allow to gain information about C-and CP-violation and test fundamental symmetries. The investigation of symmetries expected in strong interactions, such as chiral symmetry and isospin, and their breaking are a subject of large interest. Results of experiments at COSY include many measurements on the production of a variety of mesons in the pseudoscalar, vector and scalar sector very close to threshold and at higher excess energies (see Refs. [1] ).
The investigation of strangeness degrees of freedom is feasible at experiments at COSY, most commonly through associated production of hyperons and kaons. The studies are complemented by polarization physics using polarized proton-or deuteron beams and targets. The isospin dependence of the interaction of (polarized) hadron systems is measured, i.e. for nucleon-nucleon and nucleon-hyperon systems. Hyperon production experiments give access to the hyperon-nucleon interaction and baryon resonance studies.
The research performed at COSY also provides a window into the FAIR future collecting experience for the HESR antiproton storage ring and the PANDA experiment in Darmstadt. To this, conceptual studies for accelerator items such as stochastic cooling, a 2 MeV electron cooler, cavities and RF structures, magnets and diagnostic tools are developed.
EXPERIMENTAL TOOLS
With a circumference of 184 m, the COoler SYynchrotron COSY-Jülich as shown in Figure 1 stores and accelerates both unpolarized and polarized proton and deuteron beams injected from the injector cyclotron JULIC after preaccel- eration up to momenta of 0.3 GeV/c for protons and 0.55 GeV/c for deuterons [2] . COSY subsequently accelerates those particles to momenta up to 3.7 GeV/c at typical momentum spread of ∆p/p ≈ 10 −4 and an emittance of better than ε = 1πmm mrad. COSY can store 10 11 protons or deuterons and exploits electron cooling with electron energies up to 75 KeV and stochastic cooling for velocities β ≥ 0.85. These cooling methods enable COSY to provide high precision beams for experiments for both internal and external targets. Established techniques are being used to preserve polarization during acceleration of polarized protons. A fast tune jumping system has been developed to overcome intrinsic resonances. Polarization across imperfection resonances is preserved by the excitation of the vertical orbit using correcting dipoles to induce total spin flips. Up to final momentum the polarization for protons is higher than 75% and up to 60% for vector and tensor polarized deuterons [3] .
COSY is a facility with more than 300 international users. The Jülich Center for Hadron Physics (JCHP) [4], operates several experimental facilities for in-beam and external beam experiments, in cooperation with large international collaborations. The three largest installations at COSY are:
• ANKE (Apparatus for studies of Nucleon and Kaon Ejectiles), is a large acceptance 1 forward magnetic spectrometer (see Fig. 2 ) at an internal target station in the COSY ring, which provides excellent momentum resolution [5] . ANKE consists of three diplole magnets, acting as a chicane for the circulating COSY beam. The central dipole is movable to adjust the momentum of the detected particles independent of the beam momentum. Using deuterium cluster targets, reactions on the neutron are tagged by detecting the low energy recoil "spectator" proton in the silicon tracking hodoscope (STT) in vacuum next to the target. A Polarized Internal Target (PIT) system comprising with: an Atomic Beam Source (ABS), a Lamb-Shift Polarimeter, and a Storage Cell is in use at ANKE since 2005 [6] .
• TOF (Time-Of-Flight), a non-magnetic spectrometer (see Fig. 3 ) located at an external COSY beamline, combining excellent tracking capability with large acceptance and full azimuthal symmetry allowing to measure complete Dalitz plots [7] . TOF is optimized for final states with strangeness. The strength of this high-acceptance spectrometer is the capability of delayed secondary displaced vertex detection, e.g. from hyperon Λ, Σ + , ... decay products via a silicon micro-strip detector placed close to the interaction region. With the new straw tube tracking system recently commissioned, TOF has a significantly improved mass resolution and reconstruction efficiency. • WASA (Wide Angle Shower Apparatus), an internal 4π spectrometer (see Fig. 4 ) with large solid angle acceptance, is operated in the internal COSY beam [11] . WASA comprises an electromagnetic calorimeter, a very thin superconducting solenoid, high granularity central and forward tracking detectors for reconstruction of charged and neutral decay particles and for angular and differential energy measurement. The target protons and deuterons are delivered by means of a unique frozen-pellet target system providing hydrogen or deuterium spheres with diameters of ∼ 25µm. The pellet target system provides a high density target with high purity neccessary to measure rare meson decay processes at high luminosity. The close to 4π geometrical acceptance of WASA allows for an efficient search for rare final states. The measurement of exclusive final states represents the physics focus for the investigation of violation and breaking of basic symmetries. With the operation of WASA-at-COSY, highstatistics studies aiming at rare decays of η and η ′ are effectively turning COSY into a meson factory.
In addition, the unique COSY capabilities are used to investigate spin-manipulations [8] and by the dEDMcollaboration to prepare a dedicated EDM-storage ring experiment [12] . The PAX collaboration [13] is conducting spin-filtering studies to establish an in-situ method for polarizing (anti-)protons.
EXPERIMENTAL PROGRAM AT COSY Overview
The hadron physics program at COSY is focused around the issues of spectroscopy, spin, and symmetry. Concerning spectroscopy the foremost research object is the nucleon an its mutual interactions as well as its excited states and In the following chapters a few selective results will be presented.
Nucleon-Nucleon-Interactions at ANKE
The understanding of NN interactions and scattering amplitudes is fundamental to the whole of nuclear and hadronic physics. The database on proton-proton elastic scattering is enormous and the wealth of spin-dependent quantities measured by the EDDA collaboration [19] has allowed the extraction of NN phase shifts in the isospin I = 1 channel up to a beam kinetic energy of at least 2 GeV. Different to the proton-proton case the situation for the neutron-proton interaction is highly unsatisfactorily. The knowledge is far less advanced for the isoscalar channel where the much poorer neutron-proton data only permit the I = 0 phase shifts to be evaluated up to at most 1.3 GeV moreover with significant ambiguity above about 800 MeV.
The ANKE collaboration performs experiments on three-body final states using polarized beams and targets [6] . The focus here is on polarized nucleon-nucleon scattering also including np interactions and on investigations of mesonbaryon and baryon-baryon final state interactions. A systematic program has been started to measure the differential cross section and analyzing powers of small momentum transfer deuteron charge-exchange d p → {pp}n breakup reactions up to the maximum energy available at COSY. For first measurements using a polarized deuteron beam and an unpolarized proton target the method with the aim of deducing information on the spin-dependent charge exchange amplitudes np → pn has been shown to agree well with the predictions by the SAID data base [20] at T d = 1.17 GeV (T n = 585 MeV) as shown in Figure 5 for the tensor analysing powers A xx and A yy [21] . Just recently a double-polarization experiment (polarized beam and target) at higher energies T d = 2.3 GeV (T n = 1.15 GeV) has been conducted and promises to extend the np data base for differential cross sections, analyzing powers and spincorrelation coefficients.
Vector mesons at ANKE and at COSY-TOF (OZI)
An intriguing topic is the test of the Okubo-Zweig-Iizuka (OZI) rule which is known to limit the Φ/ω production ratio to the value of R OZI ≈ 4.2 × 10 −3 . A signifcant excess over this number might indicate an admixture of strange quarks in the nucleon wave function. Though the experimental Φ/ω production cross section ratio has been found to be much larger than R OZI in several independent measurements, the production mechanisms of both mesons is required to be well established before this ratio may be unambiguously interpreted in terms of hidden strangeness. Detailed studies on the vector meson production were performed at ANKE and COSY-TOF, resulting in total and differential cross sections for both, the ω and Φ production from threshold up to excess energies of Q ≈ 200 MeV [22, 26, 27, 28] . These data indicate a violation of the OZI-rule which was observed to be R Φ/ω ∼ 7R OZI in the threshold regime.
Strangeness Physics at COSY-TOF
One of the open questions of the Standard Model of the strong and electroweak interactions is how hadrons emerge from QCD. In the investigation of hadron structure and interactions the strangeness degree of freedom is of particular importance. The COSY-TOF detector has been designed particularly for the investigation of final states with strangeness. The detector combines excellent tracking capability with large acceptance and full azimuthal symmetry. The tracking information, in particular close to the interaction point, allows to identify the production of strange hadrons with almost no background, based on the detection of the displaced decay vertices of Λ hyperons (Λ → pπ − ) and K S mesons (K S → π + π − ) as well as of the "kink" in the charged particle trajectories at the decay points of Σ + hyperons (Σ + → pπ 0 , nπ + ). The large acceptance and the azimuthal symmetry enables COSY-TOF to measure complete angular distributions of the produced particles with small systematic uncertainty. Combining these two features, COSY-TOF is able to measure complete Dalitz plot distributions of 3-body final states with strangeness, almost not affected by background from the much more copiously produced non-strange events.
After the upgrade with a large volume straw tube tracking system which replaced the layered fiber hodoscopes in the start region, COSY-TOF enters a qualitatively new stage of operation with significantly improved mass resolution and reconstruction efficiency.
The physics program focuses on two fundamental aspects in strangeness production with hadronic probes: The properties of nucleon resonances and the spin-resolved hyperon-nucleon interaction. Unpolarized COSY-TOF measurements of the reaction pp → pK + Λ demonstrate that resonance contribution of the S 11 (1650), P 11 (1710) and P 13 (1720) states dominates the nonresonant continuum. From the analysis of the pK + Λ Dalitz plots at four different incident proton momenta the relative strength parameters of these resonances was deduced as a function of energy [1] . The planned physics program aims to go a major step beyond this, and to determine the properties of all contributing resonances such as masses, widths, relative branching fractions of different hyperon-nucleon decay channels, as well as the resonance quantum numbers.
Symmetry and Symmetry Breaking at WASA-at-COSY
The internal experiment WASA-at-COSY is operating routinely since 2007 with luminosities up to few times L = 10 31 cm −2 s −1 . Symmetry and symmetry breaking patterns as well as the structure of hadrons are the primary focus of the WASA-at-COSY collaboration. The topics include the decay π 0 → e + e − , rare and not-so-rare decays of η and η ′ , investigations of the nature of the Λ(1405), as well as an extension of the program on the ABC effect.
The ABC effect denotes an unexpected enhancement only observed in isoscalar channels such as pn → dπ 0 π 0 at low ππ invariant masses observed in two pion production experiments leading to a bound nuclear system in the final state. The effect has been interpreted by double-∆ excitation, but conventional calculations giving a good description of inclusive data fail to reproduce the strength of the effect seen in recent exclusive data obtained at the CELSIUS/WASA facility. A strong ∆∆ attraction could reconcile the discrepancy of the calculations with the exclusive data on the one hand and the experimental evidence for double-∆ excitation in the Nπ invariant mass distributions on the other hand. A detailed contribution was given by T.Skorodko on this conference.
The WASA-at-COSY detector represents a unique facility to search for the η-mesic helium with high statistics and high acceptance as has been demonstrated in an exclusive measurement of the excitation function for the dd → 3 He pπ − reaction varying continuously the beam momentum around the threshold for the dd → 4 Heη reaction. Details on the search for η-mesic helium are given in ref.
[9] and were presented by P. Moskal on this conference.
One of the key experiments is a measurement of ⃗ dd → 4 He π 0 to extract the P-wave contribution to the Charge Symmetry (CS) breaking amplitude [11] . In preparation of data taking with a polarized deuteron beam, the reaction has been measured with an unpolarized beam at a momentum of p d = 1.2 GeV/c (T d =351 MeV) to establish the so far unknown cross section, which can only be estimated based on data available at much lower excess energy and to demonstrate the separation of the helium isotopes after installation of the new forward tracking hodoscope [29] .
Since all first order strong, electromagnetic and weak decays are forbidden for the η (and η ′ ) meson, the η provides a perfect laboratory for studying higher order or weak processes, i.e. for testing fundamental symmetries, that forbid first order decays. At WASA-at-COSY the two complementary reactions pp → ppη and pd → 3 Heη have been investigated for hadronic η production. They differ considerably in production cross section, however also in the contribution of multi-π background, which is roughly 20 times larger for the ratio σ (2π 0 )/σ (η) in the pp reactions.
The decay η → 3π 0 forbidden by isospin conservation has been studied following the reaction pp → ppη and the extracted data with more than 10 5 events η → 3π 0 result in a slope parameter α = −0.027 ± 0.008(stat) ± 0.005(syst) (see Figure 6 ) [30] of the efficiency corrected radial density distribution of the Dalitz plot which compares well with results from other installations (CBall MAMI, Celsius/WASA, KLOE, CBall BNL). The measurement of the slope parameter allows for a sensitive test of QCD predictions, and the experimental findings show a strong discrepancy to the central value of current χPT calculations (up to NNLO), where the large uncertainty, however, does not allow to decide the sign of the slope.
The following η-decays were studied using the reaction pd → 3 Heη giving a sample of of 11 × 10 6 η mesons. Meanwhile the overall number of η ′ s on disk currently in the process of being analysed is 30 × 10 6 η (as of Dec. 2009).
C-parity conservation forbids the decay η → π 0 e + e − to occur as a single-photon process, thus the decay is allowed to proceed only via higher-order processes and is as such highly suppressed by the Standard model. The current experimental limit of the PDG of BR PDG < 4×10 −5 [10] could be improved significantly to a sensitivity of 5.9×10 −6 . For details see contribution of A. Winnemöller to this conference. Just recently, investigations addressed the η → π + π − e + e − decay. The branching ratio of this decay has not been measured very precisely yet [14, 15, 31] and the decay allows a test of flavour-conserving CP violation. Theoretical studies indicated [16] that the asymmetry of the dihedral angle between the electron and pion production planes is an observable representing the degree to which CP violation contributes to the decay. This asymmetry can be measured using reconstructed particle paths from the Mini-Drift-Chamber (MDC) at the WASA-at-COSY detector. As shown in Fig. 7 a preliminary analysis on the 11 × 10 6 η decays following the pd → 3 Heη reaction resulted in 150-200 signal events assuming a reconstruction efficiency of approx.7%. The test on this CP-violating decay is scheduled to be continued in an extended pp → ppη beamtime early 2010, expecting about several thousand η events contributing to this decay channel.
The η → e + e − e + e − decay has been investigated with the goal to not only establish the branching ratio, but also determine the η transition form factor F(q 2 1 , q 2 2 ). On the same event sample as mentioned above, 15-30 event candidates were identified being consistent with the PDG-value of BR PDG < 6.9 × 10 −5 [10] .
The decay η → π + π − γ was studied with the goal to test chiral QCD anomalies handled by the Wess-ZuminoWitten (WZW) Lagrangian and to search for flavor conserving CP violation. The study of the decay η → π + π − γ in progress at WASA-at-COSY is of large interest, because existing data samples [23, 24, 25] to extract the features of the box anomaly are of low statistics, not corrected for efficiency and ambigous in their theoretical interpretation. WASA-at-COSY promises new insights based on high statistics data of differential distributions.
Experiments on dd → αππ, 3 He n π 0 as background to the very rare isospin violating dd → απ 0 process and on pd → 3 Hea 0 / f 0 in order to study the radiative decay of the scalar mesons have been performed.
Further issues would cover light vector meson production and decays and an extension towards studies in the nuclear medium with p + A reactions. Naturally, this list of physics cases is not complete.
Spin-Filtering Studies at COSY
An exciting novel chapter in hadron physics might unfold with the advent of polarized antiproton beams provided an efficient method for polarizing antiprotons can be demonstrated. Polarized antiproton beams could possibly be employed e.g. at FAIR [18] , and at the European Organization for Nuclear Research (CERN). There are major technological challenges to be met in order to produce beams of polarized antiprotons. Foremost is the question of how to polarize antiprotons effectively. The only viable method demonstrated so far that could yield a beam of polarized antiprotons is spin-filtering of a stored beam by selective loss and/or selective spin-flip through repetitive interaction with a polarized internal target. (The proof-of-principle experiment (FILTEX) has been carried out with protons at TSR, Heidelberg [32] .) Although the FILTEX experiment clearly demonstrated that the spin-filtering technique works, a unique interpretation of the result is not available yet. In order to make spin-filtering a practicable method for polarizing antiprotons, preparatory experiments with protons and antiprotons are required. In order to accomplish this goal, a proper experimental setup and a theoretical structure have to be implemented to support a series of dedicated experimental investigations. The PAX collaboration [13] has started to investigate polarisation buildup by spin-filtering at COSY, exploiting the ANKE infrastructure (cluster target, silicon detector system). The present intents are beam lifetime studies and polarisation lifetime studies.
SUMMARY
COSY in combination with its complementary experimental facilities and polarized hadronic beams and targets provide unique opportunities to investigate a broad physics program holding the potential to significantly contribute to our understanding of hadron physics in the light quark sector. Experiments on the structure and interaction of baryons and mesons will continue at ANKE and COSY-TOF. This comprises the quantitative analysis of the observed baryon states and the polarization degrees of freedom as well as neutron interactions using deuteron beams or targets and spectator detection. With the WASA-at-COSY, a detector has become available that allows high-statistics studies aiming at very rare decays of η and η ′ regarding fundamental questions such as symmetries and symmetry violation within and outside the standard model. A particular strength is the close collaboration between experiment and the theory groups at IKP and other institutions.
COSY users, together with the IKP, will play a crucial role in the design, construction and exploitation of the HESR and PANDA at FAIR (GSI Darmstadt). COSY plays a decisive role in the education of future hadron physicists in ongoing experiments. This will also enable them to prepare for and make optimum use of the future opportunities offered by FAIR. For further and comprehensive details on the current COSY physics program refer to e.g. Ref. [1] .
